Background: Risk factors for diastolic dysfunction in hypertrophic cardiomyopathy (hcM) are poorly understood. We investigated the association of variants in hypoxia-response genes with phenotype severity in pediatric hcM. Methods: a total of 80 unrelated patients <21 y and 14 related members from eight families with hcM were genotyped for six variants associated with vascular endothelial growth factor a (VEGFA) downregulation, or hypoxia-inducible factor a (HIF1A) upregulation. associations between risk genotypes and leftventricular (LV) hypertrophy, LV dysfunction, and freedom from myectomy were assessed. Tissue expression was measured in myocardial samples from 17 patients with hcM and 20 patients without hcM. results: age at enrollment was 9 ± 5 y (follow-up, 3.1 ± 3.6 y). Risk allele frequency was 67% VEGFA and 92% HIF1A. Risk genotypes were associated with younger age at diagnosis (P < 0.001), septal hypertrophy (P < 0.01), prolonged e-wave deceleration time (eWDT) (P < 0.0001) and isovolumic relaxation time (IVRT) (P < 0.0001), and lower freedom from myectomy (P < 0.05). These associations were seen in sporadic and familial hcM independent of the disease-causing mutation. Risk genotypes were associated with higher myocardial hIF1a and transforming growth factor B1 (TGFB1) expression and increased endothelialfibroblast transformation (P < 0.05). conclusion: HIF1A-upregulation and/or VEGFA-downregulation genotypes were associated with more severe septal hypertrophy and diastolic dysfunction and may provide genetic markers to improve risk prediction in hcM.
h ypertrophic cardiomyopathy (HCM) is the most common cause of sudden death in young athletes (1) . Some patients present early with significant hypertrophy and/or sudden death whereas others remain asymptomatic into late adulthood. The source of this variability is poorly understood, with significant gaps in our understanding of the biologic factors involved (2) . An important biologic response to the increase in myocardial mass is the induction of angiogenesis to increase myocardial perfusion and oxygen delivery. Frequently, the angiogenic response is inadequate as seen in some HCM cases as a reduction in coronary flow reserve and reduced capillary density and luminal diameter (2) (3) (4) (5) . Resulting regional perfusion abnormalities probably contribute to cell injury and myocardial fibrosis, an important predictor of adverse outcomes in HCM (6, 7) . In an adult series, 71% of patients with HCM had myocardial fibrosis when assessed by magnetic resonance imaging and serum markers of fibrosis (8) . Together, impaired angiogenesis and fibrosis can predispose to arrhythmias and sudden death (2, 3) . Given the low sensitivity of current imaging methods to identify fibrosis in the early stages, better predictors of impaired angiogenesis and fibrosis are needed.
Hypoxia-inducible factor (HIF1A) is a master regulator of the adaptive response to hypoxia (9) . During acute hypoxia, HIF1A stabilizes within the nucleus and binds to the hypoxia-response element of target gene promoters and activates the transcription of vascular endothelial growth factor (VEGF) and metabolic genes to increase angiogenesis and facilitate adaptation to hypoxia (10) . Paradoxically, chronic HIF1A stabilization can have a detrimental effect by inducing transforming growth factor B1 (TGFB1) and TGFB1-mediated fibrosis (11) (12) (13) . TGFB1 promotes the transformation of endothelial lineages into fibroblasts through the reactivation of an embryologic process called endothelial-mesenchymal transition (14) . Although a role for the profibrotic cytokine TGFB1 has been reported in a mouse model of HCM (15) , its role has not been investigated in HCM in humans. The purpose of our study was to identify the role of hypoxia-signaling pathways in myocardial adaptation in HCM. Specifically, we investigated the association of variations in VEGFA and HIF1A genes with the severity of left-ventricular (LV) hypertrophy, diastolic dysfunction, expression of profibrotic signaling factors, and need for interventions in pediatric HCM.
Results

SNP Frequencies
We enrolled 80 index cases: 47 from cohort 1, 33 from cohort 2. Single-nucleotide polymorphisms (SNP) frequencies were similar in the two cohorts and comparable with those reported in the general population ( Table 1 ) (16) (17) (18) . The two cohorts were comparable except for a higher frequency of blacks in cohort 1 vs. 2 (21% vs. 0%). Blacks had a higher frequency than nonblacks of the HIF1A145 T allele (78% vs. 40% P = 0.001). However, there was no influence of race on the association of genotypes Table 2 shows the clinical characteristics of the cohort. Fiftyone percent had a positive family history with no difference in age at diagnosis between familial and nonfamilial HCM (9.3 ± 5.4 y vs. 9.1 ± 6.9 y, respectively, P = 0.83). Diseasecausing mutations were identified in 35 patients; 90% were sarcomeric. A total of 25 patients (32%) had a major cardiac event during follow-up, including myectomy or implantable cardioverter defibrillator insertion. Indications for myectomy were LV outflow peak gradient >100 mm Hg with symptoms at rest or during exercise. Indications for implantable cardioverter defibrillator insertion were ventricular tachycardia or ischemic changes with exercise, hypotension at peak exercise, aborted sudden cardiac death, family history of cardiac arrest, or a combination of the above. Baseline echocardiographic data showed elevated interventricular septal (IVS) z-scores, posterior wall thickness z-scores, LV mass z-scores, and impaired LV relaxation as seen by the prolongation of the isovolumic relaxation time (IVRT) and the E-wave deceleration time (EWDT) ( Table 3 ) (19, 20) .
Genotype Associations
The associations (unadjusted) of risk genotypes with phenotype and the incremental effect of each additional risk genotype are shown in Figures 1-5 . Results were similar after adjusting for confounding variables. Results are shown as whisker plots for linear regression analysis of risk genotypes with outcome and as box plots for outcomes within patients carrying 2 vs. 0 or 1 risk alleles for those SNPs that showed significant differences on linear regression analysis.
Age at diagnosis. There was a clustering toward a younger age at diagnosis in patients with VEGFA and HIF1A-risk genotypes (Figure 1a) . The box plots show median values with 25th and 75th percentiles and overall range in patients with 2 risk alleles vs. 1 or 0 risk alleles for the VEGF-3 and HIF1A-3 genotypes (Figure 1b) . A higher number of VEGFA-risk genotypes correlated with a younger age at diagnosis (estimated effect size: −0.84, confidence interval −1.53, −0.09 y per homozygous risk genotype, P = 0.03).
Septal hypertrophy. HIF1A-risk genotypes were associated with higher IVS z-scores with an incremental increase in 
hIF1a, hypoxia-inducible factor 1a; sNP, single-nucleotide polymorphism; VeGF, vascular endothelial growth factor. (Figure 2a) . The box plots show median values with 25th and 75th percentiles and overall range in patients with 2 risk alleles vs. 1 or 0 risk alleles for the HIF1A-1 and HIF1A-2 genotypes (Figure 2b) .
Diastolic Function
EWDT. EWDT was significantly prolonged, particularly in those with risk genotypes (Figure 3a) . There was an incremental increase in EWDT for each additional VEGFA and HIF1A
homozygous risk genotype (P < 0.0001) (Figure 3b) . The box plots show median values with 25th and 75th percentiles and overall range in patients with 2 risk alleles vs. 1 or 0 risk alleles for VEGF-1, VEGF-2, VEGF-3, and HIF1A-1 genotypes (Figure 3c ).
IVRT.
IVRT was prolonged and was associated with a higher number of HIF1A homozygous risk genotypes (P < 0.001) (Figure 4a-b Relationship between homozygous risk genotypes and age at diagnosis with earlier age at diagnosis in patients with vascular endothelial growth factor A (VEGFA) and hypoxia-inducible factor 1A (HIF1A) risk genotypes. the x axis shows the mean difference (black squares) between controls and risk genotypes with 95% confidence intervals. (b) the box plot shows median age at diagnosis, 25th and 75th percentiles, and overall range in patients with 0/1 (white) vs. 2 risk alleles (gray) in VEGF-3 and HIF1A-3 genes. *P < 0.05, **P < 0.001 between risk genotypes and controls. Articles Alkon et al.
(P < 0.0001). These associations were independent of age, race, familial etiology of HCM, and the presence of sarcomeric mutations. Together, these data demonstrate a significant association of risk genotypes with LV-relaxation abnormalities.
Myectomy
The following homozygous risk genotypes were associated with a higher hazard ratio (HR) for myectomy (95% confidence Figure 5 ).
Intrafamilial Replication
To determine the modifying effect of these genotypes in family members carrying the same sarcomeric mutation, genotypephenotype association analysis was performed in 14 affected members from six families with gene-positive HCM. This included two families (four members) with myosin heavy chain 7 mutations and four families (10 members) with myosin-binding protein C3 mutations. Affected siblings were matched for age at the time of echocardiography ( Table 4) . Within each family, patients with ≥3 VEGFA and/or HIF1A homozygous risk genotypes (white bars) had higher IVS z-scores (Figure 6a ), longer EWDT, (Figure 6b ) and longer IVRT (Figure 6c ) as compared with those with <3 risk genotypes (black bars), indicating that the modifier effect of the risk genotypes in HCM was independent of the disease causing mutation.
Myocardial Angiogenesis and Fibrosis
Tissue results are shown in Table 5 with representative images in Figure 7 . The non-HCM patients included 12 patients with isolated ventricular septal defects and eight patients with ventricular septal defects with other defects including atrioventricular septal defect or tetralogy of Fallot. The mean age was not different between non-HCM patients (5.6 ± 6.2 y, n = 20) as compared with HCM patients at surgery (6.7 ± 6.1 y, n = 17, P = 0.6). Males were 65% in both groups. There was stronger VEGF expression (P = 0.001); stronger nuclear HIF1A staining in LV in HCM patients as compared with non-HCM patients (P = 0.0003); stronger TGFB1 expression (P = 0.009); more fibrosis, although this did not reach statistical significance (P = 0.08); and lower capillary density, i.e., von Willebrand factor (vWF) + cells (P = 0.05) ( Table 6 ). Seventy-five percent of HCM samples showed vWF + /fibroblast-specific protein + double-positive cells, suggesting the presence of endothelialmesenchymal transition as compared with none in the non-HCM group (P = 0.02). Among HCM patients, comparison by genotype showed the association of VEGFA-risk genotypes with weaker myocardial VEGF expression (Figure 7a-d) and more endothelial-mesenchymal transition as compared with those without VEGFA risk alleles (data not shown). HI1F1A-risk genotypes were associated with stronger nuclear HIF1A expression (Figure 7e-h ), TGFB1 expression (Figure 7i-l) , and more endothelial-mesenchymal transition as compared with patients lacking HIF1A-risk alleles (Figure 7m-p) .
DIsCussION
Our study shows that genetic variations in angiogenic and hypoxia-response genes, VEGFA and HIF1A, were associated with younger age at diagnosis, greater septal hypertrophy, diastolic dysfunction, lower freedom from myectomy, and increased 
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Genetic modifiers in hypertrophic cardiomyopathy myocardial HIF1A expression, increased TGFB1 expression, and increased endothelial-mesenchymal transition. These associations were observed in both unrelated and familial HCM cases and provide a potential mechanism for reduced angiogenesis and fibrosis in HCM, and also provide genetic markers that may prove useful in early risk stratification in HCM.
Despite significant advances in our ability to identify the genetic causes of HCM, our ability to predict outcomes remains poor, largely due to the tremendous phenotypic variability even among patients carrying the same mutations (21) . Current risk prediction models rely on clinical and echocardiographic factors that have limited sensitivity, particularly, in the pediatric age range. We studied genetic markers in highly conserved hypoxia and angiogenic genes to help in early identification of patients at risk for disease progression (22) (23) (24) . VEGF-downregulation and HIF1A-upregulation variants were associated with impaired angiogenesis, increased fibrosis, and downstream ventricular relaxation abnormalities. There was a linear correlation between number of risk genotypes and worsening phenotype, which was independent of the underlying Articles Alkon et al.
disease-causing mutation. These associations were reproducible in affected family members carrying the same mutations.
To assess whether the genotypes were influencing protein expression in the target organ, we measured VEGF and HIF1A expression in the LV myocardium of patients with HCM undergoing myectomy and found that protein expression correlated with genotype, i.e., lower myocardial VEGF expression correlated with loss of function VEGFA genotypes and higher HIF1A expression correlated with functioning HIF1A genotypes. Validation in the target organ or tissue is important to attribute phenotypic variation to genotype differences. Histologic abnormalities were seen in the context of diastolic dysfunction. Analysis of diastolic dysfunction revealed strong association of risk genotypes with impaired LV relaxation as measured by increased mitral A wave, prolonged mitral EWDT, and prolonged IVRT (25) (26) (27) . Of note, VEGFA-risk genotypes were associated with lower IVRT as compared with HIF1A-risk genotypes, which may reflect a trend toward a restrictive physiology. However, there was no other evidence of restrictive physiology, suggesting that this young patient cohort was in relatively early stages of diastolic dysfunction. Of note, there was also an independent association with septal hypertrophy, suggesting that patients with risk genotypes have thicker and stiffer LV outflow tracts, accounting for the lower freedom from myectomy in the risk groups. We did not find significant associations with the E/Ea ratio, which has been used as an indicator of filling pressures in adult HCM (28) . However, regional heterogeneity in HCM may have precluded reliable analysis by this method (29, 30) . Of note, the association with diastolic dysfunction was independent of age, race, etiology of HCM, and the severity of septal hypertrophy. Again, these associations were replicated in intrafamilial comparisons that also revealed an effect of genotype on diastolic function.
To determine if effect on diastolic function was mediated by reduced angiogenesis and increased fibrosis, we assessed myocardial angiogenic and profibrotic signaling across genotypes. Overall, patients with HCM had lower capillary density despite higher myocardial expression of HIF1A and VEGF but higher TGFB1 expression and more evidence of endothelialmesenchymal transition. Endothelial-mesenchymal transition is an embryologic process involved in valuvuloseptal 
Genetic modifiers in hypertrophic cardiomyopathy morphogenesis in the developing heart. The finding of endothelial-mesenchymal transition in HCM suggests a recapitulation of the embryonic phenotype, probably in response to tissue hypoxia and pressure overload, similar to findings in mouse hearts subjected to pressure overload (14, 31) . This biologic response to pressure overload and hypoxia may account for the depletion of endothelial lineages and increase in fibroblast transformation. Although we were unable to quantify the proportion of fibroblasts derived from endothelial cells, reports suggest that ~30% of fibroblasts can be of endothelial origin in disease (32) . Genotype association analysis revealed that these tissue-level changes were more marked in patients with risk genotypes. Patients with more VEGFA downregulation or HIF1A-upregulation genotypes had lower VEGFA, higher myocardial Articles Alkon et al.
HIF1A and TGFB1 expression, and more endothelial-mesenchymal transition. This finding implicates HIF1A and VEGF signaling as potentially important contributors to myocardial fibrosis in HCM and highlights how genetic variation in this pathway can influence myocardial adaptation in HCM. Our ability to identify genetic markers that predispose to a profibrotic phenotype provides us with potentially valuable tools for risk stratification.
Limitations
Genetic test results were positive in only half the patients, reflecting the lower yield of genetic testing in the early years of this study. However, associations were reproducible in mutation-positive and mutation-negative patients, both unrelated and familial, suggesting that these modifier genes can influence phenotype independent of the disease etiology. The ability to replicate the associations across two geographic cohorts suggests that the findings may be generalizable across populations. The association of genotype with cardiac expression of the encoded proteins, angiogenesis, and fibrosis provides supportive evidence for the observed phenotypic associations. Although we did not perform routine magnetic resonance imaging, which can noninvasively detect myocardial fibrosis in late stages, its ability to detect early fibrosis is questionable as shown in a recent study of adult HCM (8, 33) .
In summary, our study shows that diastolic dysfunction in HCM may be regulated by genetic factors that influence myocardial HIF1A, VEGFA, and TGFB1 expression, angiogenesis, and fibrosis. Prospective validation is required to assess the application of these new genetic markers toward risk stratification in HCM. Further studies will identify whether these at-risk patients may benefit from closer surveillance and antifibrotic therapies that inhibit TGFB1.
MetHODs
In a prospective cohort study, unrelated HCM cases <21 y were enrolled at two locations: cohort 1, New York (2005 York ( -2007 and cohort 2, Toronto (2007 2, Toronto ( -2010 . Patients with significant valvular insufficiency, hypertension, congenital heart disease, and metabolic disorders were excluded. For intrafamilial comparisons, members from families with known mutations were enrolled and analyzed for replication of genotype associations. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki; the study was approved by the institutional review boards of the Hospital for Sick Children and Morgan Stanley Children's Hospital of New York-Presbyterian, and informed consent was obtained from all subjects or parents/legal guardians. The authors of this article have certified that they comply with the Principles of Ethical Publishing in the International Journal of Cardiology (34) .
Clinical and Echocardiographic Data
Clinical data were obtained from questionnaires and medical records, including demographics, positive family history, presence and type of HCM-causing mutations, and frequency of major cardiac events-myectomy, implantable cardioverter defibrillator insertion, heart transplantation, and death. All patients underwent two-dimensional echocardiography using IE-33 (Philips Ultrasound, Bothell, WA) or Vivid 7 (GE, Horten, Norway) systems. Measurements were made offline by a single investigator (J.A.) who was blinded to subject genotype using commercially available software (Syngo Dynamics, Siemens, Malvern, PA). Echocardiographic data were obtained at last follow-up (before myectomy or transplantation).
Echocardiographic Assessment
This included two-dimensional measurements of LV dimensions in para-sternal long or short axis planes, LV ejection fraction, maximal IVS and LV posterior wall thickness, peak LV outflow tract gradient at rest, left atrial volume (calculated by biplane Simpson's method of discs from the four-and two-chamber views) indexed to body surface area and LV mass (area-length method). Measurements were made offline from digitally stored images using the average from three consecutive cardiac cycles. LV mass, IVS, and posterior wall thickness z-scores were calculated as previously described (19, 20, 35) . Detailed echocardiographic evaluation of diastolic function using tissue Doppler imaging was performed in a subset of 33 patients. This included mitral and tricuspid valve inflow patterns using pulsed Doppler to determine peak E-wave (early diastolic filling) and A-wave (late diastolic filling) velocities, mitral EWDT, and LV IVRT. Pulmonary venous Doppler assessment, including A-wave reversal duration, was obtained by pulsed wave Doppler from the apical four-chamber view (36, 37) . Impaired LV relaxation was defined by the presence of reduced transmitral E wave velocity, increased A wave velocity, reduced E/A ratio, prolonged EWDT, and prolonged IVRT. LV restriction was defined by increased transmitral E wave velocity, decreased A wave velocity, increased E/A ratio, shortened EWDT, and increased duration of A wave reversal of the pulmonary venous Doppler to the A wave of the mitral valve.
Genotyping
Blood or saliva was obtained for DNA extraction. Genotyping was performed for SNPs chosen based on previous association studies, functional effects, allele frequency, and prevalence (16) (17) (18) : VEGFA 2578A/C, VEGFA 1154A/G, both SNPs in the VEGF promoter, VEGFA 634C/G in the 5′ untranslated region, HIF1A 145C/T, HIF1A 1326C/T, and HIF1A 1744C/T in the 3′ untranslated region ( Table 6 ). Functioning alleles (major alleles) in HIF1A and loss-of-function alleles (minor alleles) in VEGFA were considered risk alleles. These alleles have shown previous associations with coronary artery disease and chronic heart failure (16, 17, (38) (39) (40) (41) . SNP assays were performed using Applied Biosystems Taqman SNP genotyping technology (Assays-by-Design, Burlington, Canada).
Myocardial Studies
Myocardial samples were obtained from 17 patients with HCM and 20 patients with ventricular septal defects undergoing cardiac surgery. Immunostaining was performed on paraffin-embedded 5 μm sections to measure fibrosis area, HIF1, VEGF, TGFB1, vWF, and fibroblastspecific protein expression. Fibrosis area was measured on Masson's trichrome stain (1,000× magnification) using GSA Image Analyzer (GSA Bansemer & Scheel GbR, Rostock, Germany). Cells with nuclear HIF1A + accumulation were expressed as a percentage of total cells. 
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Capillary density was expressed as a ratio of vWF+ to total cells. Colocalization of vWF and fibroblast-specific protein, a fibroblast marker (Abcam, Cambridge, MA), was used as a marker of endothelial-mesenchymal transition. The intensity of vWF/fibroblast-specific protein, VEGF, and TGFB1 expression was semiquantitatively graded as 1 = none, 2 = mild-moderate, and 3 = severe. The investigator was blinded to patient genotype.
Statistical Analysis
Linear and logistic univariable regression models with maximum likelihood algorithms for parameter estimation were used to test for associations between risk genotypes (homozygous and heterozygous) and outcomes. The differences in outcomes between genotype groups were reported as estimated effect sizes with 95% confidence intervals for linear regression and HRs with 95% confidence intervals for logistic regression models. Mann-Whitney U test was used to compare differences between genotype groups. Models with time-dependent outcomes were adjusted for duration of follow-up, as well as for interaction with family history, sarcomeric mutations, age at diagnosis, and race. Tissue results were compared between HCM and non-HCM samples and in HCM patients with and without risk alleles using Student's t test. Cohorts 1 (New York) and 2 (Toronto) were analyzed separately and jointly with similar results; hence, only data from joint analysis is presented, an approach that has been successfully used in other studies on genomics to improve efficiency and power (42, 43) . To reduce the risk of false-positive associations with multiple testing, we applied a false discovery rate of 20% and reported associations showing a cumulative effect of multiple SNPs. P < 0.05 was used to define statistically significant differences. All statistical analyses were performed using SAS v.9.1 (The SAS Institute, Cary, NC).
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